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doi:10.1016/j.jtcvs.2006.06.025bjective: We performed this study to determine whether brief intermittent periods
f low-flow cardiopulmonary bypass during deep hypothermic circulatory arrest
ould improve cortical metabolic status and prolong the “safe” time of deep
ypothermic circulatory arrest.
ethods: After a 2-hour baseline, newborn piglets were placed on cardiopulmonary
ypass and cooled to 18°C. The animals were then subjected to 80 minutes of deep
ypothermic circulatory arrest interrupted by 5-minute periods of low-flow cardio-
ulmonary bypass at either 20 mL · kg1 · min1 (LF-20) or 80 mL · kg1 · min1
LF-80) during 20, 40, 60, and 80 minutes of deep hypothermic circulatory arrest.
ll animals were rewarmed, separated from cardiopulmonary bypass, and main-
ained for 2 hours (recovery). The oxygen pressure in the cerebral cortex was
easured by the quenching of phosphorescence. The extracellular dopamine level in
he striatum was determined by microdialysis. Results are means  SD.
esults: Prebypass oxygen pressure in the cerebral cortex was 65  7 mm Hg.
uring the first 20 minutes of deep hypothermic circulatory arrest, cortical oxygen
ressure decreased to 1.3  0.4 mm Hg. Four successive intermittent periods of
F-20 increased cortical oxygen pressure to 6.9  1.2 mm Hg, 6.6  1.9 mm Hg,
.3  1.6 mm Hg, and 3.1  1.2 mm Hg. During the intermittent periods of LF-80,
ortical oxygen pressure increased to 21.1  5.3 mm Hg, 20.6  3.7 mm Hg, 19.5
3.95 mm Hg, and 20.8  5.5 mm Hg. A significant increase in extracellular
opamine occurred after 45 minutes of deep hypothermic circulatory arrest alone,
hereas in the groups of LF-20 and LF-80, the increase in dopamine did not occur
ntil 52.5 and 60 minutes of deep hypothermic circulatory arrest, respectively.
onclusions: The protective effect of intermittent periods of low-flow cardiopul-
onary bypass during deep hypothermic circulatory arrest is dependent on the flow
ate. We observed that a flow rate of 80 mL · kg1 · min1 improved brain
xygenation and prevented an increase in extracellular dopamine release.
he duration of deep hypothermic circulatory arrest (DHCA) is thought to be
a critical factor in the neuropsychological outcomes in infants and children
when it is used in the repair of complex congenital heart defects. It is
enerally accepted that 30 to 40 minutes of DHCA at 18°C is a safe period, and if
t is exceeded, according to experimental data and clinical experience, the risk of
europsychological dysfunction increases. Different brain regions are selectively
ulnerable to DHCA. Clinical evidence suggests that in the human infant, DHCA
referentially damages the basal ganglia, which control tone and movement. The
ain input site of the basal ganglia is the striatum, a highly dopaminergic region ofhe brain.
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DConsistent with clinical observations, animal studies
ave shown that prolonged DHCA can trigger biochemical
lterations in the different regions of brain and can cause
euronal degeneration, cell death, or both. Kurth and asso-
iates1 reported and characterized regional distribution 
ell death in the brain after DHCA in newborn piglets,
resenting evidence that DHCA selectively damages neu-
ons within the neocortex, hippocampus, and striatum. De-
eon and associates,2 in experiments on dogs, showed th
rofoundly hypothermic cardiopulmonary bypass (CPB)
aused neuronal loss and degeneration within the cortex and
audate nucleus. Similarly, Tseng and colleagues3 showed
n dogs that, after circulatory arrest, apoptosis occurred in
elected neuronal populations, including the hippocampus,
triatum, and neocortex. After cardiac arrest in 1- to
-week-old piglets, necrosis was the dominant form of cell
eath, affecting the striatum earlier, more uniformly, and to
 greater degree than other regions.4
Because of concerns regarding the effects of prolonged
HCA on brain oxygenation and cell injury, different tech-
iques, such as CPB combined with low-flow or selective
egional cerebral perfusion, have been investigated. The
ossible protective effects of these techniques on brain
xygenation and metabolism were addressed in our early
tudies.5,6 The purpose of this investigation was to as
hether intermittent brief periods of low-flow CPB (LF)
uring prolonged DHCA can increase cortical oxygenation
nd delay detrimental metabolic changes in the brain. By
howing that changes in perfusion techniques can prolong
he “safe period” of DHCA, we may be able to modify the
erfusion approach and, consequently, improve the neuro-
sychological outcome of the neonates and infants requiring
ongenital heart surgery.
In our model, we have used oxygen-dependent quench-
ng of phosphorescence to continuously measure the oxygen
evels within the microvasculature of the neocortex. This
ethod directly measures the free oxygen within the blood
lasma of the microcirculation within the neocortical tissue.
n addition to assessing cortical brain oxygenation, we mea-
ured the changes in striatal extracellular levels of dopa-
ine. The changes in dopamine have been shown to be
ssentially independent of blood flow and pH and therefore
ake it a very sensitive marker for adequate brain oxygen-
tion.7 Dopamine itself might also be a mediator of neur
Abbreviations and Acronyms
CPB  cardiopulmonary bypass
DHCA deep hypothermic circulatory arrest
LF  low-flow cardiopulmonary bypassnjury, particularly at high levels within the striatum. E
40 The Journal of Thoracic and Cardiovascular Surgery ● Octoaterials and Methods
nimal Model
ewborn piglets aged 3 to 5 days (1.4-2.5 kg) were anesthetized
ith halothane, and a tracheotomy was performed. The piglets
ere then placed on a ventilator, and anesthesia was maintained
ith fentanyl, isoflurane 0.5%, and pancuronium. Femoral venous
nd arterial cannulas were placed for the collection of blood
amples and for monitoring blood pressure. With the head of the
nimal in a stereotaxic holder, the scalp was removed, and a
ranial window approximately 8 mm in diameter was created over
he right parietal hemisphere for measurement of cortical oxygen-
tion. A small hole was drilled over the left parietal hemisphere for
mplantation of a microdialysis probe into the left striatum. After
2-hour stabilization period, CPB was performed. After bypass,
he animals were recovered for 2 hours and then killed with 4
ol/L KCl. All animal procedures were in strict accordance with
he National Institutes of Health Guide for the Care and Use of
aboratory Animals and were approved by the local animal care
ommittee.
PB Technique
he circuit was primed with Plasmalyte-A (Baxter Healthcare,
eerfield, Ill), and then 25% albumin was added to the circuit.
onor whole blood was added to maintain a hematocrit of 25%
o 30%. Heparin (1000 U), fentanyl (50 g), pancuronium (1
g), CaCl2 (500 mg), methylprednisolone (60 mg), cefazolin
100 mg), furosemide (2 mg), and NaHCO3 (25 mEq) were then
dded to the pump prime. A membrane oxygenator (Lilliput,
obe Cardiovascular, Arvada, Colo) was used, as was a roller
ump system (Cobe Cardiovascular) and arterial filter (Terumo
ardiovascular, Ann Arbor, Mich). For CPB, a median sternot-
my was performed. Before cannulation, 500 U of heparin was
dministered intravenously. The ascending aorta was cannu-
ated, as was the right atrial appendage. The full CPB flow rate
as set at 150 mL · kg1 · min1. Alpha stat blood gas
anagement was performed in all experiments.
xperimental Protocol
ll animals were cooled to a nasopharyngeal temperature of 18°C
ver a 30-minute period. The piglets were randomly assigned to
of 3 groups. The first group (n  8) had DHCA for 80
inutes. Groups 2 (n  8) and 3 (n  8) had four 20-minute
eriods of DHCA interrupted by 5-minute periods of LF at
ither 20 mL · kg1 · min1 (LF-20) or 80 mL · kg1 · min1
LF-80), respectively. All animals were then rewarmed for 30
inutes, separated from CPB, and recovered for 120 minutes
Figure 1).
easurements of Oxygen Pressure and Oxygen
istribution by the Oxygen-dependent Quenching of
hosphorescence
ortical oxygen pressure was measured by using oxygen-de-
endent quenching of phosphorescence.8-11 The technical basi
or determining the distribution of oxygen in the microcircula-
ion of tissue from the distribution of phosphorescence lifetimes
n the serum of blood has been described in detail.12 Briefly, a
ear-infrared oxygen-sensitive phosphor (Oxyphor G2, Oxygen
nterprises, Ltd., Philadelphia, Pa) was injected intravenously
ber 2006
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Dt approximately 1.5 mg/kg. The measurements were made by
sing a multifrequency phosphorescence lifetime instrument
PMOD 5000, Oxygen Enterprises, Ltd.) using algorithms and
oftware developed by Vinogradov and coworkers.9 The exci-
ation light (635 nm), modulated by the sum of 37 sinusoidal
aves with frequencies spaced between 100 and 40 kHz, was
arried to the tissue through a 3-mm light guide. The phospho-
escence (max  790 nm) emitted from the tissue was collected
hrough a second light guide, which was placed against the
issue at approximately 8 mm (center to center) from the exci-
ation light guide. This positioning of the light guides allowed
ffective sampling of brain tissue oxygenation down to approx-
mately 6 mm under the neocortical surface. The phosphores-
ence was optically filtered (3-mm-thick 695-nm-long pass
chott glass), and the signal from the detector was amplified,
igitized, and analyzed to give the distribution of phosphores-
ence lifetimes (oxygen histogram) in the volume of tissue
ampled by the light. Because there were substantial differences
mong animals with respect to collected phosphorescence and
o on, the oxygen histograms were normalized to have the same
otal amount of signal (integral) for oxygen pressures less than
40 mm Hg.
easurement of Striatal Extracellular Levels of
opamine by Microdialysis
he dialysis probes have a molecular weight cutoff of 5 kd and
300-m outer diameter (Bioanalytical Systems Inc, West
afayette, Ind). The implanted probes were continuously perfused
t 1 L/min with unbuffered Ringer solution with the following
omposition: 120 mmol/L NaCl, 2.5 mmol/L KCl, 1.3 mmol/L
aCl2, and 0.9 mmol/L MgSO4 (pH 7.0). After a 2-hour period of
tabilization, the dialysis samples were collected at 15-minute
ntervals during the bypass and postbypass recovery. The perfusate
amples were immediately analyzed for dopamine. The correct
osition of the dialysis probe was verified at the end of the
xperiments by sectioning of the brain and direct visualization.
Analysis of dopamine in the dialysates was performed on a
AS 200 (Bioanalytical Systems, Inc) liquid chromatography sys-
em. A BAS microbore octadecylsilane column (100  1 mm;
-m particle diameter) coupled with electrochemical detection
as used to measure the dopamine. The dialysate (10 L) was
irectly injected onto the microbore column. The detection limit
nder these conditions is 1 to 10 femtomoles per sample. Identi-
cation and quantitation of dopamine was conducted by compar-
son with chromatograms of a standard solution of dopamine. The
fficiency of the microdialysis probe was determined in vitro at
igure 1. Schematic diagram of DHCA with intermittent low flow.8°C and 37°C for all of the compounds measured. The values for m
The Journal of Thoraciche levels of different compound in the dialysate are presented
fter correction for relative recovery by the microdialysis probe.
tatistical Analysis
ll values are expressed as means  SD for 8 experiments.
tatistical significance was determined by using 1-way analysis
f variance with repeated measures by the Wilcoxon signed
ank test.
esults
ortical Oxygen Pressure During DHCA and
ntermittent LF in Newborn Piglets
he changes in cortical oxygen pressure during DHCA with
nd without intermittent LF are presented in Figure 2. D
he first 20 minutes of DHCA, cortical oxygen pressure de-
reased to 1.3  0.4 mm Hg. Four successive intermittent
eriods of LF-20 increased cortical oxygen pressure to 6.9 
.2 mm Hg, 6.6  1.9 mm Hg, 5.3  1.6 mm Hg, and 3.1 
.2 mm Hg. The subsequent DHCA periods after the LF-20
ecreased the oxygen level exactly to the pre-LF level. When
F-80 was performed, 4 consecutive intermittent periods of
F-80 increased cortical oxygen pressure to 21.1  5.3 mm
g, 20.6  3.7 mm Hg, 19.5  3.95 mm Hg, and 20.8  5.5
m Hg. The oxygen pressure decreased during subsequent
HCA periods to values not significantly different from those
f DHCA without LF.
xygen Distribution in Brain Tissue During DHCA
nd Intermittent LF in Newborn Piglets
xygen histograms for the cortex were measured at 15
igure 2. Cortical oxygen pressure during DHCA and intermittent
ow-flow cardiopulmonary bypass. The results are means  SD
or 8 experiments in each group. aP < .05 and bP < .001 for a
ignificant difference from DHCA values; cP < .005 for a signifi-
ant difference between LF-20 and LF-80 as determined by one-
ay analysis of variance followed by the Wilcoxon signed rank
est.inutes of each period of DHCA and at 4 minutes of each
and Cardiovascular Surgery ● Volume 132, Number 4 841
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Dntermittent low flow. Representative histograms for these
xperimental conditions are presented in Figure 3. As ca
een, the oxygen distribution is a bell-shaped curve. During
ontrol/prebypass conditions, the peak of the distribution
as typically between 35 and 45 mm Hg, although it could
e as high as 60 mm Hg. During DHCA at 18°C, the oxygen
ressures decreased to 0 mm Hg, and the distribution be-
ame very narrow. When intermittent LF of 20 mL · kg1 ·
in1 was used, the oxygen pressures increased to peak
alues of nearly 10 mm Hg, and there was no longer any
lood volume with oxygen pressures of 0 mm Hg. Thus, all
f the vasculature in the tissue was perfused. Increasing the
ntermittent LF to 80 mL · kg1 · min1 further increased
he oxygen pressures, with the peak value exceeding 20 mm
g, and the distribution became quite broad.
hanges in Extracellular Striatal Dopamine During
HCA With Intermittent Periods of LF-20 and LF-80
he control value for extracellular dopamine was stable
efore CPB, with absolute concentrations of dopamine less
han 1 pmol/mL. Figure 4 shows the observed change
xtracellular striatal dopamine during DHCA with and with-
ut intermittent periods of LF-20 and LF-80. The measured
alues are presented as a function of the time of DHCA; ie,
he periods with low flow have been removed to allow direct
omparisons of the time with no flow. As can be seen, a
igure 3. Oxygenation of the piglet brain during DHCA and post-
ypass recovery. Oxygen histograms were determined by decon-
olution of the distribution of phosphorescence lifetimes for Oxy-
hor G2 in the microcirculation. The presented histograms are for
representative control/prebypass (A), DHCA (B), intermittent
ow-flow 20 mL ● kg1 ● min1 (LF-20) (C), and intermittent
ow-flow 80 mL · kg1 · min1 (LF-80) (D). arb. units, Arbitrary
nits.ajor, statistically significant increase in extracellular do- c
42 The Journal of Thoracic and Cardiovascular Surgery ● Octoamine occurred after 45 minutes of DHCA alone compared
ith the groups of LF-20 and LF-80, in which the increase
n dopamine did not occur until 52.5 and 60 minutes of
HCA, respectively.
iscussion
he purpose of this study was to determine whether brief
ntermittent periods of LF during DHCA could improve
ortical metabolic status and prolong the safe time of
HCA. Our earlier studies showed that during DHCA,
ortical oxygen pressure decreased rapidly to almost 0, and
he excessive increase in the extracellular dopamine in the
triatum occurred at 40 to 45 minutes of DHCA. The timing
f this significant increase in extracellular dopamine corre-
ates well with the generally accepted conclusion that, at
8°C, 30 to 45 minutes of DHCA results in no or question-
bly minimal brain injury. Periods of DHCA longer than 45
inutes may be associated with major changes in brain
etabolism and a progressively increased risk of neuronal
njury. This may, in turn, disrupt functional activity at
elected synapses or cause neuronal damage and, perhaps,
igure 4. The effect of intermittent low flow on DHCA-dependent
elease of dopamine in striatum of newborn piglets. The micro-
ialysis probe was implanted in the striatum of newborn piglets
nd perfused with Ringer solution at 1 mL/min. Collection of the
icrodialysis samples was initiated 2 hours after the probe was
nserted into the striatum. The level of dopamine was analyzed by
igh-performance liquid chromatography with electrochemical
etection. The 3 measurements of the dopamine during the pre-
ypass period were averaged, and the value was considered as
he baseline (100%). The results are means  SD for 8 experi-
ents in each group. aP < .05 and bP < .001 for significant
ifferences from control values as determined by 1-way analysis
f variance, followed by the Wilcoxon signed rank test.ell death.
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CH
DOn the basis of our earlier results,5 we examined whethe
ntermittent brief periods of LF during prolonged DHCA
mprove outcome or allow a longer safe time of DHCA by
roviding periods of tissue oxygenation for metabolic re-
overy. We used an optical method, oxygen-dependent
uenching of phosphorescence, to determine the distribu-
ions of oxygen within the cortex of the brain. These mea-
urements are of the oxygen dissolved in the blood plasma
n the microcirculation of the tissue and are the physiolog-
cally important oxygen source for cellular metabolism.
Our study reaffirms other experimental studies and clin-
cal experience that at 45 minutes of DHCA, there is dis-
uption of normal neuronal function characterized by a
remendous release of dopamine. We further have demon-
trated that this release of dopamine is related to brain tissue
ypoxia.5
This study also showed that during the 5-minute periods
f LF, the oxygen within the cortex increased significantly
s compared with continued DHCA and that the level of
xygenation increased with increasing flow rate. At a flow
f 20 mL · kg1 · min1, the increased level of brain tissue
xygen was small, with the peak of the oxygen histogram
ncreasing to approximately 10 mm Hg. This oxygen pres-
ure was around the P50 level for oxygen binding to hemo-
lobin at 18°C, and this indicates that there was substantial
xtraction from the hemoglobin. More importantly, almost
alf of the microcirculation had oxygen pressures less than
0 mm Hg, and for much of the tissue this is not likely to be
ufficient to supply the cellular oxygen requirements even at
his low temperature. When the flow was increased to 80
L · kg1 · min1, however, the oxygen pressures had
uch higher values; the peak increased to approximately 20
m Hg. More importantly, the fraction of the blood plasma
ith oxygen pressures less than 10 mm Hg became very
mall, thus suggesting that most of the tissue was being
rovided with adequate amounts of oxygen. At 18°C, the
ole of the hemoglobin in oxygen delivery to tissue is
reatly decreased relative to that at 37°C. This is in part
ecause the oxygen affinity is much higher at these lower
emperatures, so hemoglobin can not deliver oxygen except
t low oxygen pressures, and in part because the solubility
f oxygen in the blood plasma is increased enough to
ecome a significant oxygen carrier. Ensuring adequate
xygen concentrations does not, however, ensure full met-
bolic function, and it is necessary to also evaluate meta-
olic function within the brain.
As a marker of brain metabolism in our experiments, we
easured levels of extracellular dopamine within the striatal
issue. The extracellular level of dopamine in the striatum is an
ndicator of the exhaustion of cellular energy levels. The do-
aminergic system of the striatum in a newborn piglet’s brain
s very sensitive to hypoxia/ischemia insults, and even small
ecreases in oxygen pressure can cause statistically significant o
The Journal of Thoracichanges in both dopamine release/uptake and metabo-
ism.7,13-15 In addition, the increase in extracellular dopam
an be a measure of the potential for cellular injury. Globus
nd colleagues16 and Filloux and Wamsley17 reported that 
urposeful lesion within the substantia nigra had a neuropro-
ective effect on the striatum related to the inhibition of dopa-
ine release in the latter. Clemens and Phebus18 reported that
nilateral infusion of 6-hydroxydopamine into the substantia
igra of rats to deplete dopamine before global ischemia
esulted in significant protection of the dopamine-depleted
triatum from ischemia-induced loss of medium-sized neu-
ons. Marie and associates19 evaluated rat brain 72 hou
fter ischemia from a 4-vessel occlusion technique and
eported that alpha-methyl-para-tyrosine treatment signifi-
antly decreased neuronal necrosis in the striatum but had
o cytoprotective effect in the CA1 section of the hip-
ocampus or in the neocortex. They suggested that the
triatal cytoprotective effect of alpha-methyl-para-tyrosine
s linked to cerebral dopamine depletion and that excessive
opamine release during ischemia plays a detrimental role
n the development of ischemic cell damage in the striatum.
Dopamine can potentiate neuronal damage through sev-
ral mechanisms, such as its effects on the glutaminergic
ystem or increased production of free radicals. High levels
f dopamine, iron, and oxygen are mostly responsible for
he generation of free radicals, particularly in regions of the
rain such as the putamen and the caudate nucleus.20 Oxi-
ation of the excess dopamine released during ischemia by
olecular oxygen, which may occur during reperfusion,
esults in formation of superoxide anion radicals21,22 and
ormation of hydrogen peroxide, a hydroxyl radical
recursor.
One of the mechanisms of neuronal cell death after CPB
nd DHCA seems to be the formation of free radicals23-29
ur early studies show that DHCA increases the level of
-tyrosine within the striatum of newborn piglets, thus in-
icating increased generation of hydroxyl radicals within
he tissue.5 Free radicals are probably the major cause
oth endothelial damage and brain edema after DHCA.
The significant increase in the levels of extracellular
opamine within the striatum appeared at a later time in our
xperiment when prolonged DHCA alone was compared
ith the 2 groups of LF. When the flow during these
-minute periods was 80 mL · kg1 · min1, statistically
ignificant increases in dopamine occurred 15 minutes later
han with DHCA alone. A delay in dopamine release can be
n indicator of a delay in changes in brain metabolism and
euronal injury, particularly within the striatum, and sug-
est added neuroprotection with this technique.
In conclusion, in this study performed on newborn pig-
ets, interrupting DHCA with periods of low flow can pro-
ong the safe period of DHCA. This safe time is dependent
n the rate flow during intermittent LF. Using a flow of 80
and Cardiovascular Surgery ● Volume 132, Number 4 843
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DL · kg1 · min1 is sufficient to increase the oxygen
ressures throughout the cortex to more than 20 mm Hg and
eems to confer a neuroprotective effect of 15 minutes
uring prolonged DHCA. The experiments were performed
n an animal model, newborn piglets, for DHCA. Clinical
tudies will need to be performed to validate our findings in
eonates and infants.
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